Introduction
============

Revascularization of ischaemic tissue is thought to occur through the migration and proliferation of mature endothelial cells in nearby tissues. Over the last several years, therapy with endothelial progenitor cells (EPCs) has been considered a promising therapy for myocardial infarction (MI). Endothelial progenitor cells circulate in the blood and home to sites of injured vascular or tissue, thus contributing significantly to both re-endothelialization and neoangiogenesis in the embryonic period or adulthood \[[@b1]--[@b4]\].

Endothelial progenitor cells were discovered and identified in 1997 by Asahara *et al*. \[[@b5]\] on the basis of vascular endothelial growth factor receptor-2 (VEGFR2 also known as KDR in humans or Flk1 in mice) and CD34 co-expression. Increased EPC number in peripheral blood enhances the repair of injured arteries and decreased EPC number predicts future cardiovascular events \[[@b6],[@b7]\]. Improved mobilization of bone-marrow EPCs and their function can equally benefit the formation of coronary collateral circulation. Transplantation of modified EPCs into infarcted mouse hearts improved left ventricular (LV) function \[[@b8]\] by decreasing lymph angiogenesis \[[@b9]\] and increasing vasculogenesis and cardiomyogenesis \[[@b10]\]. However, despite the effectiveness of EPCs therapy in many studies, the benefit is limited in part by low survival and homing of transplanted EPCs \[[@b11]\]. Despite the vast knowledge of angiogenesis and MI, the role of the circadian clock in regulating angiogenesis remains poorly understood.

Period 2 (Per2), one of the rhythm genes, plays an important role in cardiovascular disease \[[@b12],[@b13]\]. Per2 expresses in human bone-marrow CD34+ cells, human peripheral leucocytes and mouse bone marrow \[[@b14]--[@b16]\]. Per2 regulates the release of haematopoietic stem cells *via* circadian oscillations \[[@b17]\]. Investigators found no significant differences in EPC levels between wild-type (WT) and per2^m/m^ mice \[[@b18]\], and we observed EPC levels in both WT and per2^−/−^ mice at different times in the PER2 circadian rhythm. Per2 mutant mice showed impaired endothelial function, increased vascular senescence and decreased angiogenesis \[[@b18]--[@b20]\]. Per2^m/m^ mice in an ischaemia model showed decreased mobilization of bone-marrow EPCs \[[@b18]\]. However, improvement of cardiac function after MI is determined by the number of mobilized bone-marrow EPCs and function of transplanted cells \[[@b21]--[@b23]\].

The alteration in EPC function, the possible mechanism and angiogenesis after MI by Per2 knockout has not been investigated. Here, we aimed to investigate the effect of Per2 on circulating EPC levels and bone-marrow EPC function and the possible mechanism. We further investigated the importance of Per2 in regulating EPCs angiogenesis *in vivo* in a mouse model of MI.

Materials and methods
=====================

Animals
-------

We obtained male C57BL/6 mice (8--12 weeks old) weighing 25--30 g from Vital River (Beijing, China). Per2^−/−^ mice were obtained from the Model Animal Research Center, Nanjing University (Nanjing, China), and backcrossed for more than 10 generations onto a C57BL/6 inbred background. All animal studies were carried out at the Animal Care Center of the Key Laboratory of Cardiovascular Remodeling and Function Research, Shandong University (Shandong, China). The experiment followed the Animal Management Rule of the Ministry of Public Health, People\*s Republic of China (document no. 55, 2001), and the experimental protocol was approved by the Animal Care Committee of Shandong University.

Mice were acclimatized in the same room with a 12-h/12-h light--dark cycle for at least 2 weeks before experiments. Mice were anesthetized with sodium pentobarbital (50 mg/kg, intraperitoneally \[i.p.\]) and MI was induced by ligation of the left anterior descending coronary artery as described \[[@b24]\]. Mice were divided into three groups for treatment: intramyocardial injection of PBS, 5 × 10^5^ DiI-labelled WT or per2^−/−^ mouse bone-marrow EPCs \[[@b25]\] (see description of EPCs creation below) in a total volume of 30 μl at four sites (up, down, left and right) in the peri-infarct area immediately after surgery. Before transplantation, EPCs in suspension were washed with PBS and incubated with DiI (Sigma-Aldrich, St. Louis, MO, USA) at 2.5 μg/ml PBS for 5 min. at 37°C and 15 min. at 4°C. After two washes with PBS, cells were resuspended in PBS. Mice were killed 4 weeks after MI.

Flow cytometry
--------------

Before being killed, WT and per2^−/−^ mice were anesthetized with sodium pentobarbital (50 mg/kg, i.p.) at 6:00, 12:00 and 18:00 (at 6:00, the light was turned on, and at 18:00, the light was turned off). For each time, six mice were killed. After extraction of peripheral blood, femurs and tibias were separated and placed in culture medium. Then, 200 μl blood was incubated with FITC-conjugated antibody for mouse CD34 and APC-conjugated antibody for mouse Flk1 (eBioscience, San Diego, CA, USA) at room temperature for 90 min. according to the manufacturer\*s instructions. FITC- or APC-conjugated isotype IgG (eBioscience) was used as a control. Erythrocytes were lysed in lysis buffer (Solarbio, Beijing, China), centrifuged, and the supernatant was discarded. Cells were washed and resuspended in 1× PBS. Proportion of FITC-CD34+ and APC-Flk1+ cells was quantified by use of FACSCAlibur and Cell-Quest software (BD Biosciences, San Jose, CA, USA). In some experiments, PE-conjugated antibody against mouse CD45 and PE-conjugated isotype IgG were used.

Bone-marrow EPC culture and identification
------------------------------------------

Bone-marrow-derived mononuclear cells were isolated by density gradient centrifugation at 2000 × *g* for 20 min. After three rinses, cells were seeded on cell-culture dishes coated with 0.1% mouse vitronectin (Sigma-Aldrich) with EBM-2 \[Lonza, Walkersvile, MD, USA; basal medium with hydrocortisone, hFGF-B, VEGF, R3-IGF-1, ascorbic acid, hEGF, GA-100, heparin and 5% fetal bovine serum (FBS)\]. After 4 days in culture, non-adherent cells were removed by washing with PBS; adherent cells were cultured for three additional days, and medium was changed every other day. On day 7, cells were co-incubated with 2.4 μg/ml 1,1V-dioctadecyl-3,3,3V,3-tetramethyl-indocarbocyanine perchlorate-labelled acetylated low-density lipoprotein (DiI-acLDL; Invitrogen, Carlsbad, CA, USA) for 1 hr, then counterstained with fluorescein isothiocyanate-labelled lectin from Ulex europaeus (FITC-UEA-1 lectin, Sigma-Aldrich) 10 μg/ml for 1 hr; nuclei were stained with 4′,6-diamino-2-phenyl indole (DAPI; Beyotime, Nantong, China) and cells were viewed by laser scanning confocal microscopy (LSM710; Zeiss, Jena, Germany) \[[@b26],[@b25]\]. Cells double stained with the two markers were defined as EPCs and further characterized by flow cytometry with stem and endothelial cell markers (CD34, Flk1; CD45; eBioscience) as described previously \[[@b27]\].

Quantitative RT-PCR
-------------------

Total cellular RNA was obtained by use of TRIZOL reagent (Invitrogen), quantified by spectrophotometry and reverse transcribed by the use of the M-MLV Reverse Transcriptase System (Osaka) with oligo-dT primers. Per2 mRNA expression was examined by real-time RT-PCR with the SYBR Green Real-time PCR Master Mix (Toyobo, Osaka, Japan) and MYIQTM Single Color Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The primer sequences (from Genbank, AF 035830) were for PER2, forward, 5′-CTCCAGCGGAAACGAGAACTG-3′, and reverse, 5′-TTGGCAGACTGCTCACTACTG-3′). Actin (forward, 5′-GTGACGTTGACATCCGTAAAGA-3′, and reverse, GCCGGACTCATCGTACTCC-3′) was used as an internal control. Data were analysed by the 2^−ΔΔCT^ method.

Immunofluorescence analysis
---------------------------

Per2 protein expression was evaluated by immunofluorescence staining. Endothelial progenitor cells were rinsed with PBS and fixed with 4% paraformaldehyde (Sigma-Aldrich) in PBS for 30 min., then rinsed three times with PBS, incubated with 0.3% Triton X-100 (Sigma-Aldrich) in PBS for 5 min., washed twice with PBS and incubated overnight at 4°C with primary antibodies diluted with 1% FBS in PBS. After three washes with PBS, cells were incubated with secondary antibodies for 1 hr at 37°C, then rinsed three times with PBS, stained with DAPI to visualize cell nuclei, rinsed three times with PBS, dried and viewed by fluorescence microscopy at 400× magnification.

EPC proliferation assay
-----------------------

Endothelial progenitor cell proliferation was evaluated by use of the cell counting kit-8 (CCK8; BestBio, Shanghai, China) \[[@b28]\]. In brief, after incubation with 1% serum medium for 24 hrs, EPCs (day 7) were re-seeded on 96-well plates (1 × 10^4^/well) coated with 0.1% mouse vitronectin. In some experiments, cells were incubated with IGF-1 \[activator of phosphoinositide 3-kinase (PI3K); 20 ng/ml; R&D, Wiesbaden, Germany\] \[[@b29]\] or LY294002 (inhibitor of PI3K; 10 μM, Selleck, Houston, MN, USA). After 24 hrs in culture, CCK-8 solution was added to each well for 1 hr at 37°C. Absorbance was measured at 450 nm by use of a microplate reader (Varioskan Flash, Dreieich, Thermo Fisher, Germany). Each test was repeated three times.

EPC migration analysis
----------------------

Endothelial progenitor cell migration was evaluated by a modified Boyden chamber (Costar, Tewksbury, MA, USA) assay \[[@b30]\]. After incubation with 1% serum medium for 24 hrs, EPCs (day 7) were placed in the upper chamber (2 × 10^4^ cells/well) with 200 μl EBM-2 medium, then the chamber was placed in a 24-well culture dish containing 500 μl EBM-2 with VEGF (50 ng/ml) \[[@b31]\] and 5% FBS. In some experiments, cells were incubated with IGF-1 (20 ng/ml; R&D). After incubation for 12 hrs at 37°C, membranes were washed briefly with PBS. The upper side of the membrane was fixed with 4% paraformaldehyde (Sigma-Aldrich) in PBS for 30 min., then wiped gently with a cotton ball to remove non-migratory cells and stained with 1% crystal violet in 2% ethanol. Data are presented as mean number of migrating cells in five randomly selected fields at 200× magnification in every membrane. All groups were studied in triplicate.

Matrigel tube formation assay
-----------------------------

Matrigel matrix (BD Biosciences) was used to evaluate capillary-like tube formation of EPCs. An amount of 50 μl matrigel was placed in 96-well plates to solidify. Endothelial progenitor cells (1 × 10^4^/well) were resuspended in 50 μl basic EGM-2 and plated on matrigel for 8 hrs at 37°C. In some experiments, cells were incubated with IGF-1 (20 ng/ml; R&D). The mean tube length was calculated in five randomly chosen fields at 100× from each well after being photographed.

Adhesion assay
--------------

Endothelial progenitor cells from WT and per2^−/−^ mouse bone marrow were re-seeded on 96-well plates (1 × 10^4^/well) coated with 0.1% mouse vitronectin for assay of adhesive activity. In some experiments, cells were treated with IGF-1 (20 ng/ml; R&D). After 1 hr, non-adherent cells were washed off with PBS and adhesive cells were fixed with 4% paraformaldehyde (Sigma-Aldrich) in PBS for 30 min., then stained with 1% crystal violet in 2% ethanol \[[@b31]\]. Data are presented as mean number of adhered cells in five randomly selected fields at 200× magnification in every well. All groups were studied in triplicate.

Western blot analysis
---------------------

After treatment, adherent cells were washed twice with PBS, lysed in lysis buffer (TBD sciences) on ice for 30 min., then centrifuged at 12,000 × g for 15 min. at 4°C. The supernatant (cytosolic fraction) was removed, and protein concentrations were measured by BCA assay (Beyotime) with β-actin (ZSGB-BIO) as a loading control. Membranes with protein were incubated with primary antibodies for CXCR4 (Abcam, San Francisco, CA, USA), PI3k p110α (Cell Signalling Technology, Danvers, MA, USA), and total and phosphorylated forms of Akt (Cell Signaling Technology) and total and phosphorylated forms of FoxO3a (Abcam) at 4°C overnight, washed, then incubated for 30 min. with horseradish peroxidase-conjugated secondary anti-IgG antibody. The membranes were washed three times for 5 min. each and developed with Super Signal chemiluminescent substrate (Millipore, Schwalbach, Germany).

Co-IP detection of protein interaction
--------------------------------------

Cell lysates were prepared as described previously \[[@b32]\]. Co-IP involved rabbit anti-per2 or CXCR4 antibody (Santa Cruz Biotechnology Inc., San Francisco, CA, USA) to bind CXCR4 or per2, followed by incubation with protein A and G plus-agarose beads (Santa Cruz Biotechnology). The protein interacting with per2 or CXCR4 was detected by western blot analysis using CXCR4 or per2 antibodies.

Echocardiography
----------------

Transthoracic echocardiography was performed to evaluate LV function in mice before and 28 days after MI by use of high-frequency duplex ultrasonic cardiography (Visual Sonics Vevo 770, Toronto, ON, Canada) and a transducer (RMVTM Scan Head 710B-048, Visual Sonics, Toronto, ON, Canada). With mice under general anaesthesia with isoflurane, LV diastolic and systolic internal dimensions (LVIDD and LVIDS respectively) were measured at the mid-papillary muscle level. The system calculated the LV ejection fraction (EF) and LV fractional shortening (FS).

Histology and immunochemistry
-----------------------------

Mice were killed at 28 days after MI, and hearts were rapidly excised after saline perfusion. We selected six mice in each group to obtain frozen tissue sections. Cardiac tissues were cut into 5-μm slices, and DiI expression was observed by fluorescence microscopy. Cardiac tissues of the remaining mice were fixed with 4% paraformaldehyde for 72 hrs and embedded in paraffin, then cut into 5-μm sections for analysis. Sections underwent immunohistochemical analysis or Masson\*s trichrome staining. Tissue sections were deparaffinized, and endogenous peroxidase was inhibited with 3% H~2~O~2~. After being rinsed in PBS, sections were blocked with 5% goat serum in PBS, then incubated with rabbit anti-α smooth muscle actin (α-SMA; Abcam) for determining arteriolar density and anti-CD31 (R&D) for microvascular density in infarcted hearts. The reaction product was visualized by staining with 3, 3-diaminobenzidine (DAB, Vector Laboratories, Burlingame, CA, USA). Arteriolar and capillary density was measured in the peri-infarct zone in five randomly selected fields per section at 400× magnification; the mean number of vessels was used for assessment of vascular density.

The infarct scar size was measured by Masson\*s trichrome staining by computer morphometry with Adobe Photoshop software and expressed as a percentage of the whole left ventricle mid-ventricular section.

Apoptosis assay
---------------

Cell apoptosis was assessed by use of a TUNEL kit (Millipore). TUNEL-positive cells (DAB+) were counted in five randomly selected fields of a section until 100 nuclei had been calculated. Every section was analysed three times, and data are shown as the mean.

Statistical analysis
--------------------

Data are described as mean ± SEM. Comparisons between two groups involved Student\*s *t*-test and multiple groups [anova]{.smallcaps} with Bonferroni\*s correction. SPSS v16.0 (SPSS Inc., Chicago, IL, USA) was used for analysis. *P* \< 0.05 was considered statistically significant.

Results
=======

Per2^−/−^ mice showed altered EPC number
----------------------------------------

Wild-type but not per2^−/−^ mice showed variation in circulating EPCs proportion (CD34+ Flk1+ cells) at different times (Fig. [1](#fig01){ref-type="fig"}A). The proportion of circulating EPCs was greater in WT mice than in per2^−/−^ mice at 12:00 and 18:00 (Fig. [1](#fig01){ref-type="fig"}A and B). Thus, Per2 may play an important role in regulating circulating EPC number.

![Differential proportion of circulating endothelial progenitor cells (EPCs) in mice. (**A**) Representative flow cytometry analysis of circulating EPC proportion in wild-type (WT) and Period 2-knockout (per2^−/−^) mice at different times. (**B**) Quantification. Data are representative of EPCs from three time points (\*\**P* \< 0.01 *versus* 6:00, \#*P* \< 0.05, \#\#*P* \< 0.01 *versus* WT mice at the same time; *n* = 6 per group).](jcmm0018-0907-f1){#fig01}

PER2 expresses in cultured EPCs
-------------------------------

Cells began to form clusters on day 4 of EPC culture (Fig. [2](#fig02){ref-type="fig"}A). After 7 days of culture, \>90% of cells were capable of cellular uptake of acLDL and UEA-1 lectin binding (Fig. [2](#fig02){ref-type="fig"}B). More than half of cultured cells at 7--10 days were positive for the endothelial lineage marker Flk1 and stained positive for the progenitor cell marker CD34, although most cells did not express the hematopoietic lineage marker CD45 (Fig. [2](#fig02){ref-type="fig"}C). These cells were identified as EPCs. To confirm whether Per2 expresses on cultured EPCs, PER2 mRNA and protein expression were detected in WT mouse bone-marrow EPCs by RT-PCR and immunofluorescence staining (Fig. [2](#fig02){ref-type="fig"}D and E).

![Characterization of cultured bone-marrow-derived endothelial progenitor cells (EPCs). (**A**) EPCs cultured on days 1, 4 and 7. (**B**) EPCs were identified by DiI-acLDL, FITC-UEA-1 and DAPI staining. Cells positive for all three dyes were defined as EPCs. (**C**) Flow cytometry analysis of CD34 or CD45 or Flk1 expression on EPCs. (**D**) RT-PCR analysis of per2 mRNA expression in cultured EPCs. (**F**) Immunofluorescence of PER2 expression in cultured EPCs.](jcmm0018-0907-f2){#fig02}

Per2^−/−^ impairs proliferation, migration, tube formation and adhesion of EPCs
-------------------------------------------------------------------------------

To study the effect of Per2 on EPC function, we compared the function of bone-marrow EPCs from WT and per2^−/−^ mice *in vitro*. Endothelial progenitor cells from per2^−/−^ mice showed impaired proliferation, migration, tube formation and adhesion as compared with WT EPCs (Fig. [3](#fig03){ref-type="fig"}A--G). Treating Per2^−/−^ EPCs with IGF-1 (activator of PI3K) rescues the impaired proliferation (Fig. [3](#fig03){ref-type="fig"}A). LY294002 (inhibitor of PI3K) inhibited the proliferation of WT EPCs (Fig. [3](#fig03){ref-type="fig"}A).

![Effect and mechanism of per2 on endothelial progenitor cell (EPC) proliferation, migration, tube formation and adhesion. (**A**) EPC proliferation, (**B**) migration and (**C**) quantification, (**D**) tube formation and (**E**) quantification, and (**F**) adhesion and (**G**) quantification were impaired with per2 knockout. And, activation of PI3K with insulin-like growth factor 1 (IGF-1) rescued the impaired proliferation of per2^−/−^ EPCs. (**H** and **I**) Western blot analysis of PI3K/Akt/FoxO and CXCR4 expression. (**J**) Co-IP for direct interaction of PER2 and CXCR4 (\**P* \< 0.05, \*\**P* \< 0.01 *versus* wild-type, \#\#*P* \< 0.05 *versus* per2^−/−^ *n* = 6).](jcmm0018-0907-f3){#fig03}

Per2^−/−^ down-regulates PI3k/Akt/FoxO, CXCR4 in EPCs, with direct interaction of PER2 and CXCR4
------------------------------------------------------------------------------------------------

Akt is central to cell proliferation signalling. The activation and inhibition of Akt depends on phosphorylation by PI3K at two critical regulatory sites: T308 within its kinase domain and S473 within a C-terminal hydrophobic motif. FoxO3a is an Akt down-regulated transcription factor. Compared with WT EPCs, per2^−/−^ EPCs showed lower phosphorylation of Akt Ser473 and Thr308, as well as FoxO3 (Fig. [3](#fig03){ref-type="fig"}H and I). Phosphoinositide 3-kinase (p110α) protein expression was lower in per2^−/−^ than in WT EPCs; lower p-Akt level was because of inhibited PI3k p-110α activation. Phosphoinositide 3-kinase p-110α activated by IGF-1 increased p-Akt and FoxO3 levels (Fig. [3](#fig03){ref-type="fig"}H). To investigate more mechanism of Per2 affecting EPC function, we tested CXCR4 in cultured EPCs. The expression of CXCR4 was reduced in per2^−/−^ mouse EPCs (Fig. [3](#fig03){ref-type="fig"}H and I), and IGF-1 did not rescue its expression. To determine whether the two proteins were interacting, we performed Co-IP assay. In WT EPCs, PER2 and CXCR4 showed direct interaction (Fig. [3](#fig03){ref-type="fig"}J).

Per2^−/−^ decreased cardiac function and increased infarct size after MI
------------------------------------------------------------------------

Transthoracic echocardiographic examination was performed to evaluate cardiac function in mice after MI (Fig. [4](#fig04){ref-type="fig"}A--E). At 4 weeks after injection, LVEF and LVFS were greater and LVIDD and LVIDS lower in mice with WT than with per2^−/−^ EPC and saline injection, with no difference between per2^−/−^ EPC and saline injection. Infarct size was larger with per2^−/−^ EPC and saline than with WT EPC injection (Fig. [5](#fig05){ref-type="fig"}A and B). Thus, EPCs helped protect cardiac function and reduced infarct size after MI, which were reversed by knockout of Per2.

![Effect of endothelial progenitor cells (EPCs) with or without per2 on mouse cardiac function 4 weeks after myocardial infarction (MI). (**A**) LV ejection fraction, (**B**) fractional shortening, (**C**) LV diastolic internal dimension and (**D**) LV systolic internal dimension. (**E**) Representative M-mode findings 4 weeks after MI (\**P* \< 0.05, \*\**P* \< 0.01 *versus* sham, \#\#*P* \< 0.01 *versus* MI+PBS, \$\$*P* \< 0.01 *versus* MI+wild-type EPCs; *n* = 6 per group).](jcmm0018-0907-f4){#fig04}

![Effect of endothelial progenitor cells (EPCs) with or without per2 on mouse infarct area 4 weeks after myocardial infarction (MI). (**A**) Representative infarct area in the three groups and (**B**) quantification. (**C**) Representative expression of DiI-labelled EPCs in the myocardium and (**D**) quantification (\**P* \< 0.05, \*\**P* \< 0.01 *versus* MI+PBS, \#\#*P* \< 0.01 *versus* MI+wild-type EPCs; *n* = 6). (**E**) α-Smooth muscle actin (α-SMA) expression in mouse cardiac tissues. (**F**) DiI-labelled EPC expression in similar locations.](jcmm0018-0907-f5){#fig05}

Per2^−/−^ decreased survival and incorporation of injected EPCs after MI
------------------------------------------------------------------------

To investigate the effect of Per2 on EPC function *in vivo*, DiI-labelled WT and per2^−/−^ EPCs cultured *in vitro* were injected into mouse myocardia after MI. At 4 weeks, the number of DiI-labelled per2^−/−^ EPCs was lower than that of WT EPCs in the MI myocardium (Fig. [5](#fig05){ref-type="fig"}C and D). Wild-type but not per2^−/−^ EPCs showed typical EPCs incorporation into vasculature (Fig. [5](#fig05){ref-type="fig"}E and F). Therefore, survival and incorporation into vasculature of EPCs was weakened by knockout of Per2 in the ischaemic myocardium of mice.

Per2^−/−^ increased apoptosis after MI
--------------------------------------

We assessed the survival of transplanted cells as well as the effect of cell transplantation on survival of resident myocytes in mice by apoptosis assay of mouse heart tissue after MI. TUNEL staining showed greater apoptosis with per2^−/−^ than with WT EPC injection (Fig. [6](#fig06){ref-type="fig"}A and B).

![Effect of endothelial progenitor cells (EPCs) with or without per2 on apoptosis, capillary density and arteriole density 4 weeks after myocardial infarction (MI). Representative expression of (**A**) DAB+ nucleus (apoptotic cells), and (**B**) quantification (**C**) capillary density and, (**D**) quantification and (**E**) arteriole density and (**F**) quantification (\**P* \< 0.05, \*\**P* \< 0.01 *versus* MI+PBS, \#\#*P* \< 0.01 *versus* MI+wild-type EPCs; *n* = 6 per group).](jcmm0018-0907-f6){#fig06}

Per2^−/−^ decreases angiogenesis and arteriogenesis of EPCs after MI
--------------------------------------------------------------------

Capillary density in the peri-infarct area was determined by immunohistochemical staining of CD31. Marked angiogenesis was observed in the peri-infarct area in the three groups, but the amount of angiogenesis was greatest with WT EPCs injection (Fig. [6](#fig06){ref-type="fig"}C and D). Many investigators considered that EPCs may contribute to arteriogenesis \[[@b33]\], so we observed the expression of α-SMA as a measure of arteriogenesis in the peri-infarct area. Arteriogenesis was greatest with WT EPC injection (Fig. [6](#fig06){ref-type="fig"}E and F).

Discussion
==========

Endothelial progenitor cells were identified in 1997 by Asahara *et al*. on the basis of VEGFR2 and CD34 co-expression. Although we lack a clear phenotype of EPCs and their putative precursors and the exact differentiation lineage remains to be determined, it is widely accepted that early EPCs (localized in bone marrow or immediately after migration into the bloodstream) are CD34+/VEGFR2+ cells \[[@b34]\]. This cell population predicts the occurrence of cardiovascular events and death from cardiovascular causes \[[@b6],[@b7]\]. Peripheral blood EPC levels range from 70 to 210 cells/ml \[[@b34]\] to 3000--5000 cells/ml \[[@b35]\], depending likely on the isolation technique used. In our study, we found 1000--2000 EPCs/ml in the bloodstream, which agrees with previous findings. Endothelial progenitor cells have been reported to enhance angiogenesis *in vivo* \[[@b36]\].

Previous studies have shown that mutations of Per2 decrease the production of nitric oxide, vasodilatory prostaglandin(s) \[[@b19]\], myocardial adaptation to ischaemia \[[@b37]\] and mobilization of bone-marrow EPCs \[[@b18]\], all important to cardiovascular disease. Here, we found that Per2 plays an indispensible role in maintaining circulating number and function of EPCs in mice. We found decreased number of circulating EPCs and impaired EPC function in mice with Per2 knockout. We also further provide a possible mechanism by which Per2 affects the function of EPCs. Finally, we observed EPC angiogenesis in a mouse MI model.

Wild-type and per2^−/−^ mice showed some differences in circulating EPC number at different times. Per2 is a key clock gene in regulating the number of circulating EPCs. In previous studies, haematopoietic stem-cell release was found to be decided by core circadian genes (*e.g*. PER1, PER2, Bmal1), which regulate CXC-L12 and stem-cell trafficking indirectly from the central nervous system \[[@b17]\]. However, that study did not investigate how Per2 affects EPC number. In our study, we found that impaired proliferation may contribute to decreased number of circulating EPCs. We also certified the expression of Per2 in cultured bone-marrow EPCs *in vitro*.

Recent studies have shown that impaired function of cells is determined by knockout of Per2 instead of its rhythmic expression \[[@b38]\]. Thus, we compared the function of WT and per2^−/−^ EPCs *in vitro*. Knockout of Per2 impaired proliferation, migration, tube formation and adhesion of EPCs as compared with WT EPCs *in vitro*, which coincides with impaired angiogenesis in mice with MI. Wang *et al*. found that mutated per2 impaired EPC angiogenesis in a mouse hindlimb model, but the mechanisms remained unclear. In our study, we investigated the possible mechanism by which Per2 modulates EPC function. Dysfunctional Per2^−/−^ EPCs were associated with down-regulation of PI3K/Akt/FoxO signalling. Furthermore, PI3K activated by IGF-1 in Per2^−/−^ EPCs blocked the impaired proliferation. PI3k/Akt/FoxO signalling plays an essential role in the proliferation \[[@b39]\] and survival \[[@b40],[@b41]\] of various types of cells, including EPCs. Class IA PI3K comprises heterodimers of a p85 regulatory subunit (p85α, p85β and p55γ) and a p110 catalytic subunit (p110α, p110β and p110γ). In response to stimulation by growth factors, the p110 subunits catalyse the production of a lipid second messenger phosphatidylinositol-3,4,5-trisphosphate at the plasma membrane. This second messenger, in turn, activates the serine/threonine kinase AKT. The catalytic subunits p110α is expressed ubiquitously. Some studies have demonstrated specific roles for p110α in growth factor and insulin signalling \[[@b42]--[@b44]\]. The mammalian forkhead box subgroup "O" of forkhead transcription factors consists of FoxO1, FoxO3a, FoxO4 and FoxO6. FoxO proteins are important targets of PI3K/Akt signalling. FoxO3a is phosphorylated by Akt at Thr32, Ser253 and Ser315 \[[@b45]\], which results in decreased FoxO3a DNA-binding activity and/or protein stability. Shukla *et al*. \[[@b46]\] reported that apigenin, by down-regulating Akt--FoxO3a signalling, can inhibit cancer cell proliferation. In our study, decreased activation of PI3k/Akt/FoxO signalling resulted in aberrant proliferation and reduced survival of transplanted EPCs in the ischaemic myocardium.

There are different opinions of the influence of Per2 on Akt signalling. Decreased Akt signalling has been observed in mice with functional disruption of Per2 \[[@b47]\], whereas Wang *et al*. found increased Akt signalling in per2^m/m^ mice. Different results are depended on different tissues and cells.

Knockout of Per2 decreased the expression of CXCR4, which is highly expressed on both endothelial and hematopoietic progenitor cells \[[@b48],[@b49]\]. The SDF1α/CXCR4 cascade is considered important in mobilization, migration and in homing of EPCs \[[@b48],[@b49]\]. However, CXCR4 has an opposite role in mobilization and homing of EPCs \[[@b50],[@b51]\]. Inhibition of CXCR4 with AMD3100 promoted the mobilization of bone-marrow EPCs, but decreased migration of cultured EPCs and impaired the incorporation of EPCs in ischaemia-induced angiogenesis \[[@b50]\]. CXCR4 itself has an important role in mediating the migratory and angiogenic activity of EPC, and CXCR4 contributes to *in vivo* incorporation of EPC and therapeutic neovascularization. Walter *et al*. \[[@b51]\] found that blocking CXCR4 inhibited basal migration as well as VEGF and SDF-1-induced migration; further studies also found that pre-treating of EPCs with anti-CXCR4 antibody significantly reduced recovery of hindlimb blood flow, as well as capillary density. Importantly, incorporation of EPC into ischaemic tissues was significantly lower after pre-incubation of EPCs with the anti-CXCR4 antibody. CXCR4 is the upstream of PI3K/Akt/Foxo signalling pathway. In our study, direct interaction of PER2 and CXCR4 led to reduced expression of CXCR4 by PER2 knockout and impaired migration and homing of EPCs. Activated PI3K signalling in Per2^−/−^ EPCs did not improve CXCR4 expression, which may be the key reason for no improvement in migration, tube formation and adhesion with Per2^−/−^ EPCs. Endothelial progenitor cells contribute to angiogenesis in four steps: mobilize from bone marrow to peripheral blood in response to signals; home to sites of injured tissue repair and angiogenesis; invade and migrate at the same sites; and differentiate into mature ECs \[[@b52]\]. The homing of injected EPCs is most important for treating MI. If homing fails, other functions will not occur. Both PI3K/Akt/FoxO signalling and CXCR4 play important roles in regulating EPC function *in vivo* and *in vitro*. Thus, our findings provided a novel mechanism of Per2 regulating EPC function.

Our *in vivo* studies showed that EPCs contribute to angiogenesis after MI, which is in accordance with previous investigations \[[@b10],[@b13],[@b34]\]. However, angiogenesis was decreased by Per2 knockout. Other investigators found an immune privilege of allogeneic EPCs, so they are useful in therapeutic applications, especially vascular reconstruction \[[@b53]\]. We did not consider immune rejection in our study. Per2 plays an important role in regulating EPC angiogenesis. Less angiogenesis was the outcome of less survival and impaired function of transplanted EPCs, which coincides with decreased cardiac function and increased infarct size after MI.

In conclusion, this is the first study to demonstrate that Per2 is necessary to maintain the number of circulating EPCs and function of bone-marrow EPCs both *in vitro* and *in vivo*. Per2 knockout reduced the number of circulating EPCs and disturbed the function of EPCs. Per2 affected EPC function through CXCR4/PI3k/Akt/FoxO-related mechanisms. Per2 deficiency also impaired EPC survival and angiogenesis in the ischaemic myocardium of mice. Our study independently validated earlier findings of Wang *et al.,* but also extends those findings into the even more clinically relevant model of acute MI and further emphasizes the often overlooked importance of the effect of circadian rhythm genes on cardiovascular disease.
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**Figure S1** (**A**) Real-time RT-PCR analysis of PI3K p110α (NM_008839.2 forward, 5′-CACTCGTCACCATCAAACATGA-3′, and reverse, 5′-AGGGTTGAAAAAGCCGAAGGT-3′). (**B**) PI3K/Akt/FoxO signaling of EPC serum and growth factors starved for 48 hr and the PI3K/Akt/FoxO signaling in bone-marrow mononuclear cells.
